INTRODUCTION
============

Natural products play an important role in chemotherapeutic agent discovery ([@b27-bt-24-147]), and natural products from ocean organisms have been a goldmine for anti-cancer bioactive compounds ([@b7-bt-24-147]; [@b32-bt-24-147]). Half of the anti-cancer drugs approved by the US FDA during 1981--2002 were bioactive compounds or metabolites from ocean organisms ([@b34-bt-24-147]). A great number of alkaloid secondary metabolites from plants and fungi have shown high potential in cancer studies. These alkaloids are often able to control the death, proliferation, or growth of cancer cell lines ([@b35-bt-24-147]). Recent evidence shows that many of these selectively affect cancer cells by regulating mitochondria-dependent apoptosis ([@b16-bt-24-147]; [@b31-bt-24-147]). Moreover, alkaloids can modify Bcl-2 family members to alter susceptibility to apoptosis ([@b33-bt-24-147]).

Chaetominine is a secondary metabolite isolated from a submerged liquid culture of the marine endophytic fungus *Aspergillus fumigatus* CY018 ([@b22-bt-24-147]). The quinazolinone alkaloid structure of chaetominine ([Fig. 1](#f1-bt-24-147){ref-type="fig"}) imparts attractive bioactivity ([@b24-bt-24-147]). Chaetominine was shown to be cytotoxic against the human leukemia cell line K562 and the colon cancer cell line SW1116, with IC~50~ values of 21 nM and 28 nM, respectively, and was more potent than the cytotoxicity of the positive reference compound 5-fluorouracil (5-FU), with IC~50~ values of 33 nM and 76 nM, respectively ([@b15-bt-24-147]). However, the cytotoxicity of chaetominine towards normal human cells has not been determined, and the cellular mechanisms behind the mode or pathway of chaetominine-induced cell death have not been fully explored.

A common characteristic of cancer is uncontrolled cell growth ([@b6-bt-24-147]; [@b12-bt-24-147]), and induction of apoptosis is a popular strategy for cancer therapy ([@b6-bt-24-147]). Approaches aimed at controlling cell death could avoid drug resistance and enhance the efficiency of other anticancer agents ([@b4-bt-24-147]). Apoptosis can be easily identified by characteristic morphological changes and the appearance of fragmented nuclear DNA ([@b19-bt-24-147]). Mitochondrial outer membrane disruption, mainly regulated by Bcl-2 family proteins ([@b25-bt-24-147]; [@b9-bt-24-147]), is known to be a central event in the intrinsic (or mitochondrial) apoptosis pathway ([@b11-bt-24-147]). This mitochondrial disruption is followed by cytochrome c (cyt-c) release and formation of the apopto-some, consisting of cyt-c, activated apoptotic protease activating factor-1 (Apaf-1), and caspase-9 ([@b28-bt-24-147]). Then, caspase-3 is activated prior to cell death ([@b18-bt-24-147]).

In a previous report, the fungal metabolite chaetominine exhibited cytotoxicity against some cancer cell lines. However, studies devoted to the effects of chaetominine and the underlying mechanisms are still needed to provide insight into the performance and potential clinical applications of chaetominine. This study assessed the selective cytotoxic effects of chaetominine on human leukemia cells and normal primary cells, and elucidated the mechanism of these chaetominine-induced effects.

MATERIALS AND METHODS
=====================

Cell culture
------------

The human leukemia cell line K562 was obtained from Shanghai Institutes for Biological Sciences. K562 cells were cultured in IMDM (GIBCO BRL, NY, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO BRL). Human peripheral blood mononuclear cells (HPBMCs) purchased from Lifeline Cell Technology (MD, USA) were grown in RPMI-1640 medium (GIBCO BRL) with 10% FBS. Cells were maintained at 37°C in a humidified incubator (SANYO, Osaka, Japan) with 5% CO~2~.

Reagents and antibodies
-----------------------

Chaetominine was extracted from a submerged liquid culture of *Aspergillus fumigatus* CY018 with macroporous adsorption resin. The structure was confirmed by electrospray ionization mass spectrometry (ESI-MS), and the purity of the extract (99.8%) was determined by high-performance liquid chromatography ([Supplementary data](#SD1){ref-type="supplementary-material"}). The control compound 5-FU (purity \>99%) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All primary antibodies were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA).

Cytotoxicity analysis
---------------------

The half-maximal inhibitory concentration (IC~50~) was determined by the MTT assay as described previously ([@b8-bt-24-147]). Cells were seeded at a density of 10^4^ cells per milliliter and then treated with chaetominine for various times, and 5-FU was used as the positive control drug. The IC~50~ values were calculated with a microplate reader (SpectraMax^®^ i3, Wals, Austria) at an experimental wavelength of 570 nm and a reference wavelength of 630 nm.

Evaluation of nuclear morphology
--------------------------------

The nuclear morphological changes in apoptotic cells were assessed using Hoechst 33258 staining ([@b23-bt-24-147]). K562 cells were placed into a 6-well culture plate and incubated with or without chaetominine for 24 h or 48 h. The cells were collected with microtubes and washed with phosphate buffered saline (PBS). Subsequently, the cells were fixed, washed, and stained according to the manufacturer's instructions for the Hoechst staining kit (Beyotime, JS, China). The apoptotic cells were observed and photographed under a fluorescence microscope (Olympus BX51, Tokyo, Japan).

Annexin V-FITC/PI staining
--------------------------

Apoptotic cell rates were determined by flow cytometry based on the fact that phosphatidylserines (PS) becomes located outside the membrane during apoptosis ([@b30-bt-24-147]). Following the manufacturer's protocol for the annexin V-FITC/PI kit (Beyotime), cells were first incubated in annexin V binding buffer and annexin V-FITC for 10 min in the dark. After centrifugation, the cells were suspended in a mix containing annexin V and PI buffer. Then, the apoptotic cells were analyzed with a flow cytometer (FACSAria; Becton Dickinson, NJ, USA). The annexin V-FITC-positive and PI-negative cells were considered to be in early apoptosis, while annexin VFITC- and PI-positive cells were considered to be in late apoptosis.

DNA fragmentation detection
---------------------------

K562 cells were seeded in 6-well plates and incubated with the desired concentrations of chaetominine. According to the manufacturer's instructions for the Apoptotic DNA Ladder Detection Kit (KeyGen, NJ, China), cells were pelleted in a microcentrifuge tube and washed twice with PBS before DNA preparation using the manufacturer's enzymes. An aliquot (5--10 μL) of the sample was loaded onto a 1.5% agarose gel, and the gel was run at 2--4 V/cm for over 3 hours (Bio-Rad, Hercules, CA, USA). Ethidium bromide-stained small fragmented DNA was visualized with a trans-illuminator under UV light and photographed (Furi Co., Ltd, SH, China).

Measurement of mitochondrial membrane potential
-----------------------------------------------

Changes in mitochondrial membrane potential (MMP) were evaluated using the JC-1 Mitochondrial Potential Assay Kit (Beyotime). Mitochondrial depolarization occurring in the early stage of apoptosis was evidenced by a fluorescence emission shift from green (JC-1 monomer) to red (J-aggregate), and the results showed potential-dependent accumulations in mitochondria ([@b14-bt-24-147]). K562 cells were seeded in a 6-well plate at 2×10^5^ cells per well and then treated with chaetominine (0, 25, 50 or 100 nM) for 24 h or 48 h. Approximately 10^5^ cells were harvested, incubated in dye-containing medium, and washed twice in staining buffer. Stained cells were resuspended in buffer and analyzed by flow cytometry (FACSAria). JC-1 monomers and J-aggregates can be detected separately in the FL1 and FL2 channels, respectively, and variations in the red/green fluorescence intensity ratio represent changes in MMP.

Western blot analysis
---------------------

After cells were incubated with different concentrations of chaetominine, whole cell lysates and mitochondrial protein extracts ([@b36-bt-24-147]) were prepared, and the protein concentration was determined with the BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Protein samples (20 μg/lane) containing 0.01% bromophenol blue were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 8--12%), and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The PVDF membrane was blocked overnight with 5% non-fat dry milk in TBS-Tween and then incubated overnight with the appropriate primary antibodies (diluted with blocking buffer) at 4°C. After washing three times with TBS-T, membranes were incubated overnight with horseradish peroxidase (HRP)-labeled secondary antibodies. Proteins were detected by chemiluminescence and quantified by Quantity One software (v4.62; Bio-Rad).

Caspase activity analysis
-------------------------

Caspase-3 and caspase-9 activity were analyzed with a caspase assay kit (Beyotime). The kit is based on the spectrophotometric detection of the chromophore *p*-nitroanilide (*p*NA) after cleavage from the substrates Ac-DEVD-*p*NA and Ac-LEHD-*p*NA. After incubation with chaetominine, K562 cells were collected and washed with PBS. Cells were suspended in lysis buffer and incubated on ice. After centrifugation, the supernatant was incubated with the substrates. Substrate hydrolysis was monitored at 405 nm with a microplate reader (SpectraMax^®^ i3, Austria), and the fold increase in caspase activity was determined by comparing the results of chaetomi-nine-treated samples to that of the untreated controls.

Statistical analysis
--------------------

The data were expressed as mean ± SD. Group data were compared using one-way ANOVA with Newman-Keuls tests.

RESULTS
=======

Cytotoxic effects of chaetominine on K562 cells
-----------------------------------------------

The effect of chaetominine on the growth of the human leukemia K562 cell line was tested using the MTT assay with 5-FU as a positive control. As shown in [Fig. 2A](#f2-bt-24-147){ref-type="fig"}, chaetominine suppressed the proliferation of K562 cells in a dose- and time-dependent manner. Chaetominine displayed greater cytotoxic activity (IC~50~ value, 35 ± 2.03 nM) than 5-FU (IC~50~ value, 55 ± 1.07 nM; [Fig. 2B](#f2-bt-24-147){ref-type="fig"}).

Cytotoxic effect of chaetominine on primary human peripheral blood cells
------------------------------------------------------------------------

The cytotoxicity of chaetominine on HPBMCs was evaluated by the MTT assay. The treatment duration was 48 h, with exposure concentrations ranging from 25 to 2,000 nM. Over 86% of the HPBMCs survived at the highest concentration of chaetominine ([Fig. 2C](#f2-bt-24-147){ref-type="fig"}). [Fig. 2D](#f2-bt-24-147){ref-type="fig"} shows the toxicity of 200 nM chaetominine after different treatment durations in K562 cells and HPBMCs. In K562 cells, the percent inhibition reached a plateau after 48 h of incubation, and the maximum percent inhibition was about 90%. In comparison, under the same treatment conditions, the percent inhibition of HPBMCs was less than 10%.

Nuclear morphology changes in K562 cells induced by chaetominine
----------------------------------------------------------------

To investigate the mode of cell death caused by chaetomi-nine, Hoechst 33258 staining was used to examine the nuclear morphological changes in K562 cells in the presence of 0, 25, 50, and 100 nM chaetominine for 24 h or 48 h. The results showed that in the absence of chaetominine, the cells proliferated significantly, with rounded normal-sized nuclei ([Fig. 3A](#f3-bt-24-147){ref-type="fig"}). In the chaetominine-treated groups, cell numbers decreased with increasing concentration, and the nuclei shrank and became bright blue. With increasing incubation time and/or chaetominine dose, apoptotic bodies shaped like crescents or rings emerged.

Apoptosis of K562 cells induced by chaetominine
-----------------------------------------------

The rate of apoptosis induced by chaetominine was evaluated by dual staining with Annexin V-FITC and propidium iodide (PI) of K562 cells treated with chaetominine (0, 25, 50, and 100 nM) for 24 h or 48 h ([Fig. 3B](#f3-bt-24-147){ref-type="fig"}). Cell apoptosis rates varied significantly in a dose- and time-dependent manner. Untreated control cells were mostly viable, whereas the rate of early and late apoptosis simultaneously increased with increasing concentrations of chaetominine. Thus, chaetominine could promote apoptosis of K562 cells.

DNA fragmentation of K562 cells induced by chaetominine
-------------------------------------------------------

To investigate the nuclear changes in apoptosis caused by chaetominine, DNA fragmentation in K562 cells was visualized using agarose gel electrophoresis ([@b2-bt-24-147]). Nuclear DNA was isolated from K562 cells after exposure to different concentrations of chaetominine and electrophoresed on a 1.5% agarose gel. Photographs taken under UV (312 nm) illumination ([Fig. 3C](#f3-bt-24-147){ref-type="fig"}) showed that the control group (lane 2) did not exhibit signs of apoptosis (DNA fragmentation), whereas the chaetominine-treated groups displayed a DNA ladder. Changes in fluorescence intensity and a ladder-like DNA fragmentation pattern, due to chaetominine-induced apoptosis, were evident in lanes 3, 4, and 5.

MMP disruption in K562 cells by chaetominine
--------------------------------------------

To evaluate mitochondrial membrane disruption during apoptosis, potential-dependent accumulation in mitochondria was analyzed by flow cytometry using the cationic dye JC-1. Increased red/green fluorescence intensity ratios were detected, resulting from mitochondrial depolarization in the early stage of apoptosis. Compared with the untreated groups, large numbers of chaetominine-treated cells shifted from the Q2 area to the Q4 area ([Fig. 4A](#f4-bt-24-147){ref-type="fig"}) due to the release of JC-1 from the membrane into the cytoplasm. The rate of MMP-disrupted cells gradually increased in a dose- and time-dependent manner (24 h: 1.4%, 11.9%, 28.3%, and 44.2%; 48 h: 3.0%, 19.4%, 37.8%, and 62.8%; at 0, 25, 50, and 100 nM, respectively). This result suggested that chaetominine-induced MMP disruption involved the intrinsic apoptosis pathway.

Apoptosis-related protein regulation in chaetominine-treated K562 cells
-----------------------------------------------------------------------

To elucidate the signaling pathway of chaetominine-induced apoptosis, the expression of several proteins was estimated by western blot analysis. Bcl-2 family proteins control cell death specifically by mediating the mitochondrial pathway ([@b1-bt-24-147]). The interaction between Bax and Bcl-2 on the mitochondrial outer membrane contributes to the release of apoptogenic factors, particularly cyt-c, into the cytosol ([@b20-bt-24-147]). Then, cyt-c promotes the activation of caspase-9 and Apaf-1 prior to the downstream actions of cell death ([@b29-bt-24-147]). The expression levels of Bax, cytosolic cyt-c, and Apaf-1 were markedly upregulated by chaetominine, and the expression of Bcl-2 and mitochondrial cyt-c was downregulated in a dose-dependent manner ([Fig. 5](#f5-bt-24-147){ref-type="fig"}). After chaetominine treatment, the ratio of Bax/Bcl-2, which regulates apoptosis through the mitochondrial signaling pathway, changed from 0.3 to 8.

Caspase activation in chaetominine-treated K562 cells
-----------------------------------------------------

The activities of the key regulators caspase-3 and -9 in the chaetominine-induced apoptosis pathway were detected by spectrophotometry ([@b21-bt-24-147]). Following induction of apoptosis by chaetominine, caspase-3 and -9 were cleaved to their respective active forms. Compared to the controls ([Fig. 4B](#f4-bt-24-147){ref-type="fig"}), cells treated with 25, 50, and 100 nM chaetominine showed 2.5-, 5.5-, and 8.8-fold increases in caspase-3 activity and 2.1-, 4.3-, and 5.6-fold increases in -9 activity, respectively. Chaetominine activated caspase-3 more significantly than caspase-9.

DISCUSSION
==========

For decades, invaluable potential therapeutic agents have been obtained from nature. In our efforts to identify novel candidates for cancer therapy from endophytic fungal secondary metabolites, we isolated chaetominine, a quinazolinone alkaloid from *Aspergillus fumigatus* CY018, which inhibited cancer cell proliferation *in vitro*. Various substituted quinazoline or quinazolinone derivatives have been shown to have anti-infectious, anti-inflammatory, and anti-cancer properties ([@b5-bt-24-147]; [@b26-bt-24-147]; [@b3-bt-24-147]). However, the potent effects of chaetominine and the underlying mechanisms have not been well characterized. Our preliminary study showed that the cytotoxic effects of chaetominine were correlated with induction of apoptosis *via* the mitochondrial pathway in a leukemia cell line.

In this study, we first assessed the cytotoxic effects of chaetominine on a leukemia cell line *versus* a normal human primary cell line. Chaetominine treatment of K562 cells inhibited proliferation in a dose- and time-dependent manner, with a lower IC~50~ value (35 nM) than that of 5-FU (55 nM). In contrast, chaetominine showed little cytotoxicity towards normal blood cells at concentrations below 200 nM, which suggested that cancer cells were more sensitive to chaetominine. Therefore, the underlying mechanism should be further explored to understand the effect of chaetominine on cancer cell death.

Morphological changes in chaetominine-treated K562 cells, such as chromatin condensation, were then observed, which confirmed that the cytotoxic effect was associated with its apoptotic effect. The ladder-like DNA fragmentation pattern, containing small DNA fragments, observed in K562 cells treated with chaetominine is another hallmark of apoptosis, which further confirmed that chaetominine-induced apoptotic activity. Flow cytometry analysis of chaetominine-treated K562 cells demonstrated that the apoptotic rate was time- and dose-dependent. These results consistently indicated that chaetominine induced cell death by interfering with apoptosis. Considering the difference between the rates of inhibition in the cell proliferation and apoptosis assays, the high/low inhibition demonstrated that cell death was partially regulated by chaetominine-induced apoptosis. Chaetominine may also affect other cellular functions, including the cell cycle and cell autophagy ([@b13-bt-24-147]).

Cell apoptosis can be initiated by the intrinsic or extrinsic pathway ([@b28-bt-24-147]). Mitochondria are studied as a judgment site of the intrinsic pathway ([@b17-bt-24-147]). Mitochondrial outer membrane permeabilization, generally considered one of the earliest cellular events of apoptosis ([@b28-bt-24-147]), is regulated by caspase activation in the intrinsic pathway ([@b25-bt-24-147]). Previous studies have shown that the anticancer effect of chaetominine on K562 cells was related to its pro-apoptotic activity. The MMP in K562 cells decreased sharply after chaetominine treatment, which suggested induction of the mitochondrial pathway leading to apoptosis. In addition, two types of caspases (caspase-3 and -9) were simultaneously activated by chaetominine in K562 cells, suggesting the caspase-dependent mitochondrial pathway. Caspase-9 is generally required for apoptosome formation with cyt-c/dATP/Apaf-1, which then transmits the apoptotic signal ([@b29-bt-24-147]). In K562 cells, cytochrome c was released from the mitochondria into the cytosol and downstream Apaf-1 was activated in response to chaetominine treatment.

The Bcl-2 protein family controls apoptosis sensitivity as a regulator of MMP. Once the integrity of the mitochondrial membrane is destroyed, mitochondrial permeability transition pores will open to allow efflux of apoptotic factors ([@b10-bt-24-147]). The ratio of Bax/Bcl-2 was upregulated following treatment, indicating that chaetominine induced apoptosis by increasing Bax expression and reducing Bcl-2 expression. Consistent with previous data, the increased ratio of the pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family altered mitochondrial membrane integrity, resulting in cyt-c removal and Apaf-1 activation. Eventually, caspase-3 was activated to trigger the signaling cascade as an effector of the apoptosis pathway.

Most successful current cancer therapeutics rely heavily on triggering tumor cell death. In this study, chaetominine exhibited greater cytotoxicity than the positive control 5-FU in K562 cells. In addition, it selectively killed tumor cells and not normal cells. It is clear that chaetominine could induce apoptotic cell death, which was evidenced by the high apoptosis rate, DNA fragmentation, and caspase activation. The results also showed that chaetominine acts via the intrinsic apoptosis pathway ([Fig. 6](#f6-bt-24-147){ref-type="fig"}), as evidenced by the increased Bax/Bcl-2 ratio and consequent cyt-c release and Apaf-1 activation. Based on the current data, which signaling pathway caused the increase in the Bax/Bcl-2 ratio could not be determined. Whether the inhibitory effect of chaetominine on cancer cell growth is related to cell cycle arrest or reversed drug resistance requires further study ([@b13-bt-24-147]). The present findings provide the necessary incentive for further *in vitro* and *in vivo* studies of chaetominine, with an aim to develop a potent leukemia therapy.

SUPPLEMENTARY DATA
==================

This work was supported by the National High Technology Research and Development Program of China (2013AA09-2901), and partially financed by the Fundamental Research Funds for the Central Universities (WF1113010), the National Special Fund for State Key Laboratory of Bioreactor Engineering (2060204).

**CONFLICT OF INTEREST STATEMENT**

All the authors declare that there are no conflicts of interest.

![Chemical structure of chaetominine.](bt-24-147f1){#f1-bt-24-147}

![Cytotoxic effects of chaetominine and 5-FU assessed by the MTT assay. (A) Effects of chaetominine on the proliferation of K562 cells. (B) Comparison of the growth-inhibiting effects of chaetominine and 5-FU in K562 cells. Cells were exposed to different concentrations of chaetominine for 48 h before the assay. (C) Effects of chaetominine on the viability of HPBMCs. (D) Different effects of chaetominine on the inhibition of HPBMCs and K562 cells. Data are expressed as means ± SD (n=3). ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001, compared to the respective control group.](bt-24-147f2){#f2-bt-24-147}

![Effects of chaetominine on apoptosis of K562 cells. (A) Morphology changes by Hoechst 33258 staining. Apoptosis morphological features (white arrows) induced by chaetominine were observed by fluorescence microscopy. (a) and (e) were untreated controls incubated for 24 h and 48 h, respectively; (b), (c), (d) and (f), (g), (h) were treated with 25, 50, and 100 nM chaetominine for 24 h and 48 h, respectively. Each experiment was repeated three times. (B) Apoptosis rate determined by flow cytometry. The percentage of total apoptotic cells represent the average (mean ± SD, n=3) of the early and late apoptosis rates. The same symbols indicate no significant difference between adjacent groups (*p*\>0.05), while different symbols above the bar graph indicate significant differences (*p*\<0.05). (C) Chaetominine-induced DNA cleavage by DNA ladder assays. Lane 1: DNA ladder marker, lane 2: untreated control group, lane 3: treated with 25 nM chaetominine, lane 4: treated with 50 nM chaetominine, lane 5: treated with 100 nM chaetominine. The experiment was repeated three times, and a representative gel is shown.](bt-24-147f3){#f3-bt-24-147}

![(A) Effects of chaetominine on mitochondrial membrane potential (MMP) of K562 cells detected by flow cytometry. Staining with JC-1 dye showed increased red fluorescence as MMP decreased. The disrupted MMP rates are the means ± SD (n=3). The same symbols indicate no significant difference between adjacent groups (*p*\>0.05), whereas different symbols above the bar graph indicate significant differences (*p*\<0.05). (B) Caspase-3 and caspase-9 activation by chaetominine in K562 cells. K562 cells were incubated for 48 h before detection by spectrophotometry (405 nm). Data are expressed as means ± SD (n=3). ^\*^*p*\<0.05, ^\*\*\*^*p*\<0.001, ^\#^*p*\<0.05, ^\#\#^*p*\<0.01, ^\#\#\#^*p*\<0.001, compared to the respective control group.](bt-24-147f4){#f4-bt-24-147}

![Expression of apoptosis-related proteins in chaetominine-treated K562 cells. Protein levels of Bax and Bcl-2 (A), cytochrome c (B), and Apaf-1 (C) were determined by western blot analysis in K562 cells after treatment with 0, 25, 50, and 100 nM chaetominine. The bar graphs show densitometric analysis of protein expression relative to the internal reference protein β-actin. All the data are expressed as means ± SD (n=3), different symbols indicate significance difference (*p*\<0.05) compared to the adjacent group.](bt-24-147f5){#f5-bt-24-147}

![The apoptosis signaling pathway mediated by chaetominine.](bt-24-147f6){#f6-bt-24-147}
